In this paper, we explore the effects of neutrino flavor oscillations on supernova nucleosynthesis and on the neutrino signals. Our study is based on detailed information about the neutrino spectra and their time evolution from a spherically-symmetric supernova model for an 18 M⊙ progenitor. We find that collective neutrino oscillations are not only sensitive to the detailed neutrino energy and angular distributions at emission, but also to the time evolution of both the neutrino spectra and the electron density profile. We apply the results of neutrino oscillations to study the impact on supernova nucleosynthesis and on the neutrino signals from a Galactic supernova. We show that in our supernova model, collective neutrino oscillations enhance the production of rare isotopes 138 La and 180 Ta but have little impact on the νp-process nucleosynthesis. In addition, the adiabatic MSW flavor transformation, which occurs in the C/O and He shells of the supernova, may affect the production of light nuclei such as 7 Li and 11 B. For the neutrino signals, we calculate the rate of neutrino events in the Super-Kamiokande detector and in a hypothetical liquid argon detector. Our results suggest the possibility of using the time profiles of the events in both detectors, along with the spectral information of the detected neutrinos, to infer the neutrino mass hierarchy.
I. INTRODUCTION
Core-collapse supernovae signify the death of massive stars heavier than ∼ 8 M ⊙ and the birth of proto-neutron stars. In each explosion ∼ 10 53 erg of gravitational binding energy is released through emission of ∼ 10 58 neutrinos (antineutrinos) of all three flavors over ∼ 10 s. These neutrinos play essential roles in the dynamics and nucleosynthesis of supernovae. Prominent examples include revival of the stalled supernova shock by neutrino heating in conjunction with fluid instabilities ( [1] ; see [2] for a review), production of heavy elements in neutrinodriven winds from proto-neutron stars (e.g., [3] ; see [4] for a recent review), and neutrino-induced nucleosynthesis in outer shells of supernovae (e.g., [5] [6] [7] [8] ). In addition, current and planned 10-kiloton-scale detectors are able to observe thousands of neutrino events if a supernova occurs in the Galaxy (see [9] for a review). Such detection would provide a unique opportunity to explore the physics of core-collapse supernovae and properties of neutrinos.
In the absence of flavor oscillations, we would only need the emission characteristics of neutrinos determined by their decoupling from the proto-neutron star, such as their luminosities, energy spectra, and angular distributions, in order to understand their roles in supernovae. It would also be straightforward to infer the neutrino luminosities and energy spectra at emission from signals in appropriate detectors for a Galactic supernova. However, neutrino oscillations have been established by various experiments. Consequently, we must take neutrino flavor evolution into account when assessing the effects of neutrinos on the dynamics and nucleosynthesis of supernovae and when deciphering the rich underlying physics from supernova neutrino signals. In this paper we present a framework for calculating neutrino flavor evolution in the dynamic supernova environment, perform detailed calculations for an 18 M ⊙ supernova model, and examine the effects of neutrino oscillations on nucleosynthesis and neutrino signals for this model.
The intrinsic parameters describing neutrino oscillations include three vacuum mixing angles (θ 12 , θ 13 , θ 23 ), a CP -violating phase (δ CP ), and two independent masssquared-differences (e.g., ∆m Observations of solar and atmospheric neutrinos and other terrestrial experiments have measured θ 12 , θ 13 , θ 23 , ∆m 2 21 , and |∆m 2 31 | to good precision (see review in [10] ). There are ongoing and planned experiments to measure the yet unknown δ CP and sign of ∆m 2 31 . The latter is also referred to as the neutrino mass hierarchy, with ∆m 2 31 > 0 (< 0) defined as normal (inverted). In this paper we assume δ CP = 0 but consider both normal and inverted mass hierarchies.
We divide the supernova environment into two regions separated by a "decoupling sphere" at radius r = R d . We assume that at r < R d , neutrino interactions with matter dominate and flavor oscillations have no net effect. Classical Boltzmann transport equations coupled with supernova conditions then determine the energy and angular distributions f ν (t em , E, θ d , R d ) for neutrinos emitted at r = R d , where t em is the time of emission, E is the neutrino energy, and θ d is the angle of propagation with respect to the radial direction at r = R d (see Fig. 1 ). An important feature of these distributions is the hierarchy of the corresponding average neutrino energies E νe < Eν e < E ν µ(τ ) ≈ Eν µ(τ ) . At r > R d , only a small fraction of neutrinos can still interact with matter to affect supernova dynamics and nucleosynthesis. For the purpose of treating neutrino flavor evolution, we assume that all neutrinos are free-streaming at r > R d .
Flavor evolution of neutrinos at r > R d can exhibit rich phenomena because they propagate through an enormous range of matter density, the structure of which may be complicated by convection-driven fluctuations and propagation of the supernova shock. These factors influence neutrino oscillations through the MikheyevSmirnov-Wolfenstein (MSW) effect induced by forward scattering of neutrinos on electrons [11, 12] . In addition, due to the non-linear coupling through forward scattering of neutrinos on other neutrinos, collective oscillations among all three flavors of neutrinos (antineutrinos) may occur within ∼ 100 km of the proto-neutron star (see [13] for a review and for more recent developments). In any case, as ν µ ,ν µ , ν τ , andν τ have higher average energies than ν e andν e at emission, flavor oscillations at r > R d may have important effects on supernova dynamics, nucleosynthesis, and neutrino signals.
While neutrino oscillations in supernovae have been studied extensively, our approach in this paper differs from these previous works in that we employ neutrino emission characteristics and electron number density profiles calculated self-consistently by a supernova model and that we explicitly take the time evolution of these quantities into account when calculating neutrino flavor evolution through the supernova environment over the period of significant neutrino emission. The following example illustrates why such an approach is required to adequately examine the impact of neutrino oscillations on supernova physics. Consider a mass element moving along a radial trajectory r m (t), and for simplicity, ignore the neutrino travel time from emission to reaching the mass element. To calculate the rates of neutrino reactions in this mass element, we need quantities such as P νeνe (t em , E, θ, r) for t em = t and r = r m (t), which gives the survival probability for a ν e emitted with energy E at time t em and arriving at radius r > R d with an angle of propagation θ with respect to the radial direction (see Fig. 1 ). As the process of nucleosynthesis in the mass element can last up to ∼ 10 s and there are large changes in r m , neutrino emission characteristics, and the electron number density profile over this time, we must calculate P νeνe (t em , E, θ, r) and similar survival probabilities for many time snapshots of the supernova input for neutrino flavor evolution. Therefore, our results on neutrino oscillations are given in terms of these survival probabilities on an extensive four-dimensional grid covering wide ranges of emission time, neutrino energy, propagation angle, and arrival radius. Our methodology is demonstrated for a specific 18 M ⊙ supernova model, and can be generalized to any spherically-symmetric models.
We find that collective oscillations are sensitive to the details of the neutrino energy and angular distributions at emission and to the time evolution of these distributions and the electron number density profile. For the specific model studied, although collective neutrino oscillations occur too far out to affect nucleosynthesis in the neutrino-driven wind, they can still affect neutrinoinduced nucleosynthesis in outer supernova shells in combination with the MSW effect. We show that for a Galactic supernova described by the same model, the neutrino signals are mainly modified by the MSW effect and those signals during shock revival can be used to infer the yet unknown neutrino mass hierarchy.
We describe the supernova model in Sec. II and our approach to calculate neutrino flavor evolution in Sec. III. We present and discuss our results on neutrino oscillations in Sec. IV. We apply these results to assess the effects of neutrino oscillations on nucleosynthesis in Sec. V and to analyze the neutrino signals in Super-Kamiokande and a hypothetical liquid argon detector in Sec. VI. We discuss all our results and conclude in Sec. VII.
II. SUPERNOVA MODEL
We adopt a supernova model with an 18 M ⊙ progenitor. This model is based on general-relativistic radiation hydrodynamics in spherical symmetry and incorporates detailed three-flavor Boltzmann neutrino transport [37] . The core collapse is initiated by loss of energy and pressure through photo-disintegration of iron-group nuclei and capture of electrons on protons and nuclei. Neutrinos produced during the collapse are predominantly ν e , which are trapped and can only diffuse out of the core with E νe ≈ 4-9 MeV (see Fig. 2d ). A shock is launched when the inner core bounces upon reaching supra-nuclear density. As the shock passes through the neutrino trapping surface, i.e., the "neutrinosphere" at a density of ρ ∼ 10 12 g/cm 3 , protons liberated from nuclei by shock heating rapidly capture electrons to produce a burst of ν e on a timescale of ∼ 10 ms (see Fig. 2a ). The luminosity of this so-called neutronization ν e burst is ∼ 10 53 erg/s and can provide a potential diagnostic of the neutrino mass hierarchy [38] (see Sec. VI for further discussion). The subsequent neutrino emission has comparable luminosi- ties for neutrinos and antineutrinos of all three flavors (see Fig. 2 ). The timescale of ∼ 10 s for this emission is determined by neutrino diffusion out of the newly-formed proto-neutron star. The shock launched by core bounce is not energetic enough to break out of the outer core. It is stalled at r sh ∼ 100 km and becomes an accretion shock through which matter can fall onto the proto-neutron star. During this accretion phase, the luminosities of ν e andν e are nearly twice as high as those of ν µ(τ ) andν µ(τ ) (see Fig. 2b ). This is because emission of ν e andν e is enhanced by efficient charged-current reactions (dominantly e ± capture on free nucleons) in the extended region above the proto-neutron star while that of ν µ(τ ) and ν µ(τ ) is dominated by diffusion out of the proto-neutron star. Absorption of some ν e andν e can heat the material at r < r sh , thereby reviving the stalled shock [1] . However, recent studies suggest that this so-called neutrinodriven explosion mechanism works robustly only for lowmass progenitors but must be combined with convection to deliver explosion for higher-mass progenitors (see [2] for a review). In the latter case, multi-dimensional simulations are required.
As an approximation to the effects of convection in multi-dimensional supernova models, neutrino heating in the region between the neutrinosphere and the stalled shock is artificially enhanced in our spherically symmetric model to trigger the explosion, thereby allowing us to study the long-term evolution of the proto-neutron star up to a time post (core) bounce of t pb ∼ 10 s. Once the shock is revived at t pb ∼ 350 ms, accretion of matter by the proto-neutron star quickly diminishes, resulting in a sharp drop of ν e andν e luminosities (see Fig. 2b ). In the subsequent proto-neutron star cooling phase, the luminosities of ν µ(τ ) andν µ(τ ) become slightly higher than those of ν e andν e , because the former decouple from regions of higher temperature as reflected by their average energy (see Fig. 2f ). In general, the canonical average energy hierarchy of E νe < Eν e < E ν µ(τ ) ≈ Eν µ(τ ) holds throughout the accretion and cooling phases in our model (see Figs. 2e and f) .
During the cooling phase, ν e andν e continue to heat the material immediately outside the proto-neutron star, giving rise to a matter outflow usually referred to as the neutrino-driven wind. Specifically, free neutrons and protons in the wind material at high density and temperature can absorb ν e andν e , respectively, through
This neutrino heating drives the wind to expand rapidly on timescales of ∼ 10 ms (see Fig. 3 ). Under such conditions elements heavier than iron can form when the wind expands to low density and temperature. A key parameter governing this nucleosynthesis is the electron fraction Y e , which is determined by the competition between reactions (1a) and (1b). If ν e andν e had the same luminosities and energy spectra, reaction (1a) would proceed faster than reaction (1b) because the former is favored by the neutron-proton mass difference ∆ [see Eq. (17)].
In order to obtain a neutron-rich wind with Y e < 0.5 required for the rapid neutron-capture process (e.g., [4] ), the average energy ofν e must exceed that of ν e by approximately 4∆ with the same luminosity forν e and ν e [3] . While the luminosities are approximately the same, the average energy forν e never exceeds that for ν e by 4∆ throughout the cooling phase in our model. Consequently, the wind is proton rich as shown in Fig. 3d for four selected mass elements. In this case, a νp process can occur [39] [40] [41] . The selected wind mass elements shown in Fig. 3 enclose baryonic masses of 1.58246, 1.58196, 1.58162, and 1.58131 in units of M ⊙ , and are ejected from the protoneutron star at t pb = 0.840, 1.253, 1.726, and 2.526 s, respectively. The final abundances of nuclei produced by the νp process in these mass elements not only depend on their asymptotic Y e but also on the rate of reaction (1b) when their temperature evolves through the range of 1 < ∼ T < ∼ 3 GK [39, 40] . As shown in Fig. 3b , these mass elements stay in this temperature range for ∼ 10 s. During this time, the neutrino luminosities change by an order of magnitude, and so does the difference in average energy betweenν e andν µ(τ ) (see Fig. 2 ). We will show that neutrino oscillations occur before the mass elements enter the above temperature range and the results are extremely sensitive to the evolution of neutrino energy spectra. Therefore, we must conduct a comprehensive study of neutrino oscillations for the entire cooling phase in order to examine their effects on nucleosynthesis in the neutrino-driven wind. 
III. METHODOLOGY OF CALCULATING NEUTRINO FLAVOR EVOLUTION
We adopt the following neutrino mixing parameters: ∆m [42] . Recent measurement ofν e disappearance at Daya Bay gave sin 2 2θ 13 = 0.092 ± 0.016 ± 0.005 [43] , which corresponds to a central value of θ 13 = 0.15. This is somewhat larger than the value of θ 13 = 0.1 assumed in [44] , a major study on collective oscillations. We perform a full set of calculations using θ 13 = 0.1 for comparison with this previous study, but also carry out additional calculations using θ 13 = 0.15. We find that the results for these two values of θ 13 agree within 5% (see Sec. IV C). We consider both cases of ∆m 2 31 > 0 (normal mass hierarchy) and ∆m 2 31 < 0 (inverted mass hierarchy). For easy separation of the normal and inverted mass hierarchies, we use a rotated flavor basis (|ν e , |ν x , |ν y )
where R 23 is the rotation matrix in the 2-3 subspace [45] . For all calculations we assume δ CP = 0 (see [46] for discussion of generally small effects of δ CP on supernova neutrino oscillations).
Studies of neutrino oscillations outside the protoneutron star are usually carried out by adopting a neutrino emission model similar to the "bulb model" in [44] , where all neutrinos are assumed to be free-streaming outward from a sharp neutrinosphere at r = R ν . The conventional neutrinosphere is defined as the surface outside which the neutrino optical depth is 2/3. Consequently, a significant amount of scattering and emission still occurs at r = R ν , giving rise to a significant neutrino flux that is propagating inward as shown in Fig. 4a for ν e at t pb = 1.025 s in our supernova model. In this figure and hereafter, we use u ≡ cos θ to represent the angle of propagation θ with respect to the radial direction at radius r (u < 0 for inward-propagating neutrinos). For our calculations of supernova neutrino flavor evolution, we start from a decoupling sphere at r = R d where all inward-propagating neutrino fluxes are negligible ( < ∼ 2% of the corresponding outward-propagating fluxes in general). As an example to justify our choice of R d , we show the luminosities (corrected for gravitational redshift) for different neutrino flavors at t pb = 1.025 s as functions of radius in Fig. 4b . It can be seen that all luminosities stay constant at r > R d to very good approximation.
We employ the neutrino energy and angular distribu-
) from our supernova model, which change significantly over ∼ 10 s as illustrated by the evolution of average neutrino energies in Fig. 2 . We emphasize that it is important to use realistic neutrino energy and angular distributions at emission in calculating supernova neutrino flavor evolution, especially the collective oscillations. In particular, we note that in contrast to the isotropic emission typically assumed in previous studies of collective oscillations, realistic neutrino angular distributions are forward peaked as shown for ν e in Fig. 4a . The effects of f ν (t em , E, u d , R d ) on collective neutrino oscillations will be discussed in Sec. IV A.
In the absence of neutrino oscillations, the neutrino distributions at r > R d are given by
where u and u d (see Fig. 1 ) are related by
The corresponding neutrino number density distributions per unit energy interval per unit solid angle at r > R d are given by
where dΩ ≡ dudφ with φ being the azimuthal angle. In the above equation and elsewhere in the paper, natural units withh = c = 1 are used. The neutrino number density distributions in Eq. (4) have azimuthal symmetry around the radial direction. We assume that this symmetry also applies to neutrino flavor evolution at r > R d , where neutrinos experience forward scattering on other neutrinos and on electrons. The latter have a spherically symmetric number density profile n e (r) in our supernova model. Under the above assumption, the wave function ψ ν (t em , E, u, r) for a neutrino emitted with energy E at time t em and arriving at radius r with a propagation angle specified by u satisfies a Schrödinger-like equation,
where H v , H e , and H ν are the effective Hamiltonians due to vacuum neutrino masses, neutrino-electron forward scattering [11] , and neutrino-neutrino forward scattering [47] [48] [49] , respectively. In our rotated flavor basis (|ν e , |ν x , |ν y ) T , the wave function is ψ ν (t em , E, u, r) = (a e , a x , a y )
T , where a e , a x , and a y are the amplitudes for being a ν e , ν x , and ν y , respectively. In the same basis, the effective Hamiltonians are
In the above equations,
, n e = ρY e N A with N A being Avogadro's number, ρ να = ψ να ψ † να , and α = {e, x, y} denotes the initial neutrino flavor.
The nonlinear coupling among all neutrinos introduced by H ν can lead to collective oscillations (see [13] for a review and for more recent developments). To estimate the relative importance of H e and H ν for our supernova model, we show in Fig. 5 the profiles of n e (r) and the net ν e number density n νe (r) − nν e (r) in the absence of neutrino oscillations for t pb ≈ 0.6, 1.0, and 3.0 s, respectively. It can be seen that n νe − nν e can exceed n e for some radii only at t pb > ∼ 1.0 s. Recent studies [17, 34, 50] suggest that for n νe − nν e ≪ n e , collective oscillations are suppressed due to large dispersion in H e for neutrinos with different propagation angles. Consequently, we expect that collective oscillations are suppressed for t pb < 1.0 s, i.e., during the accretion phase and the very early cooling phase in our supernova model. We focus our numerical calculations of neutrino flavor evolution on the period of 0.6 < ∼ t pb < ∼ 10.0 s, during which collective oscillations might occur.
We note that although f ν (t em , E, u d , R d ) and n e (r) change significantly over 0.6 < ∼ t pb < ∼ 10.0 s, they can be taken as fixed during the time between emission of a neutrino at r = R d and its arrival at r < ∼ 500 km, where H ν might drive collective oscillations (see Fig. 5 ). Therefore, in solving Eq. (5), we first consider a snapshot of f ν (t em , E, u d , R d ) and n e (r) for a specific t em , and then use the corresponding H ν and H e to evolve ψ ν (t em , E, u, r) at r > R d . A total of ≈ 50 snapshots are taken to cover 0.6 < ∼ t pb < ∼ 10.0 s. For each snapshot, we map f ν (t em , E, u d , R d ) from our supernova model onto a grid of E and v ≡ u
, the dependence on u is equivalent to that on v. Using dt = dr/u (see Fig. 1 ), we can rewrite Eq. (5) as
where
The evolution equation for ψν (t em , E, v, r) can be obtained by the substitution H e → −H e and H
* in Eq. (7). The results for ψ ν (t em , E, v, r) and ψν(t em , E, v, r) are presented in Sec. IV.
IV. RESULTS ON COLLECTIVE NEUTRINO OSCILLATIONS
By solving Eq. (7), we find that no significant neutrino flavor evolution occurs at r ≤ 500 km in our supernova model for the normal mass hierarchy, and that collective neutrino oscillations of particular interest to us have already ceased at r = 500 km for the inverted mass hierarchy. We focus on the latter case and present the corresponding results at r ≤ 500 km for 0.6 < ∼ t pb < ∼ 10.0 s in this section. We define the angle-averaged survival probability of ν e as
where we have used (3)] to give the second expression. We show P νeνe v and Pν eνe v as functions of t em and E for r = 500 km in 4. For t pb > 5.0 s, collective oscillations are highly suppressed for all neutrinos and antineutrinos, and flavor conversion of low-energyν e at these late times is driven by H e through the adiabatic MSW effect.
The effective neutrino energy spectra at r = 500 km can be obtained from the survival probabilities shown in Fig. 6 . In addition, it is important to examine the detailed neutrino flavor evolution at r < 500 km so that its effects on physical processes at these radii can be assessed. We define the angle-and-energy-averaged probability for conversion of an initial ν e into a ν x as
The thick curves in Fig. 7 show P νeνx v,E , P νeνy v,E , Pν eνx v,E , and Pν eνy v,E as functions of radius for t pb = 1.025, 3.007, and 5.0 s, respectively.
In general, the growth of P νe νy v,E ( Pν eνy v,E ) corresponds to flavor conversion between ν e (ν e ) and ν y (ν y ) in the 1-3 subspace associated with the larger mass squareddifference |∆m 2 31 |, while that of P νeνx v,E and Pν eνx v,E corresponds to flavor conversion associated with ∆m 2 21 . Because flavor instabilities, which mark the rapid growth of the flavor conversion probabilities, are greatly suppressed by the multi-angle effects from both H e and H ν (e.g., [15, 22, 50] ), large e-y oscillations occur only at r ∼ 100-300 km and e-x oscillations are always negligible. Flavor evolution shown in Fig. 7a is representative of that for 0.8 < t pb < ∼ 1.5 s, when significant flavor conversion occurs in both the neutrino and antineutrino sectors. In this case, there are two different flavor instabilities occurring at r ≈ 120 and 240 km, respectively. The first instability induces more oscillations of antineutrinos, while the second affects neutrinos more. In contrast, there is only one flavor instability affecting mostly neutrinos at 200 < ∼ r < ∼ 250 km for 1.5 < t pb < ∼ 5 s (see Figs. 7b and 7c). For these later times, the average conversion probability also grows more slowly to smaller values, and a smaller portion of the neutrino spectrum is affected as shown in Fig. 6a .
To facilitate further discussion of the above results, we define the vacuum oscillation frequency ω ≡ |∆m 31 |/(2E) for antineutrinos. We also define a normalized neutrino energy spectrum as a function of ω,
In the above equations,g να (E), and hence, G ν , g να (E), and g(ω), depend on t em . This dependence is suppressed for simplicity.
Note that
which approximately represent the differences in H e and H ν among neutrinos with different propagation angles, and can be used to measure the so-called "multi-angle" effects on collective oscillations [22] . As the net neutrino number density at radius r is
, comparing λ(r) and µ(r) is roughly equivalent to comparing n e and n νe − nν e (see Fig. 5 ). 
A. Multi-Angle Effects on Flavor Evolution
The above results on collective neutrino oscillations are obtained from the so-called "multi-angle" simulations in contrast to the "single-angle" approximation, which assumes that neutrino flavor evolution is independent of the propagation angle (e.g., [44] ). The single-angle approximation was widely used in the literature to facilitate analytical understanding of collective oscillations. In some cases, the results from this approximation qualitatively agree with those from multi-angle simulations. Examples include cases where fluxes of ν µ(τ ) andν µ(τ ) are significantly smaller than those of ν e andν e [19, 44, 51] and the case of the neutronization burst of an O-Ne-Mg core-collapse supernova [52] [53] [54] . However, for neutrino energy spectra representative of the cooling phase, the results from multi-angle simulations are typically very different from those obtained with the single-angle approximation [15, 55, 56] . Below we compare the multiangle and single-angle results for our supernova model.
We perform single-angle calculations assuming that neutrinos are emitted uniformly within the forward 2π solid angle at r = R d with the same total fluxes and energy spectra as given by our supernova model and that neutrinos with the same energy undergo the same flavor evolution at r > R d as those propagating radially. The resulting energy-averaged conversion probabilities P νeνx E , P νeνy E , Pν eνx E , and Pν eνy E as functions of radius are shown as thin curves in Fig. 7 for t pb = 1.025, 3.007, and 5.0 s, respectively. It can be seen that there is rapid growth of P νeνy E and Pν eνy E at r < 100 km in all cases. This early onset of flavor oscillations is due to a flavor instability that occurs in an isotropic environment when there is multiple spectral crossings corresponding to g(ω) = 0 even for arbitrarily large electron and/or neutrino density [55] . This instability also triggers the onset of e-x conversion in the region of collective oscillations [57, 58] . In contrast, neutrinos with different propagation angles experience different histories of H e and H ν in multi-angle calculations. This greatly suppresses flavor instabilities, with large e-y oscillations occurring only at r ∼ 100-300 km and e-x oscillations being always negligible (see Fig. 7 ).
The most distinct feature of collective oscillations is that ν e andν e can swap part of their spectra with ν µ,τ andν µ,τ [44, 51, [55] [56] [57] . Such spectral splits or swaps are best illustrated by the probabilities 1 − P νeνy and 1 − Pν eνy at r = 500 km as functions of ω obtained from the single-angle calculations, which are shown as the blue dashed curve in Fig. 8 for t pb = 1.025, 3.007, and 5.0 s, respectively. The function g(ω)/15 + 0.5 is shown as the green dotted curve in the same figure and indicates that spectral splits or swaps could form around the "positive" spectral crossings corresponding to g(ω) = 0 and dg/dω > 0 under the single-angle approximation [55] . However, because neutrinos with different propagation angles experience different H ν in multi-angle calculations, different parts of their energy spectra are in resonance when flavor instabilities or large-scale flavor oscillations occur (e.g., [19] ). Consequently, the splits in their energy spectra are generally smoothed out when averaged over the propagation angle. This can be seen from the angle-averaged survival probabilities P νeνe v and Pν eνe v at r = 500 km as functions of ω, which are shown as the red solid curve in Fig. 8 . Note that P νeνe v ≈ 1 − P νe νy v and Pν eνe v ≈ 1 − Pν eνy v because P νeνx v and Pν eνx v are negligible in multi-angle calculations (see Fig. 7 ).
We also note that flavor conversion of antineutrinos occurs only when there is an excess ofν e overν y , i.e., g(ω) < 0, for some range of ω < 0. This is demonstrated in Fig. 8a for t pb = 1.025 s with g(ω) < 0 for −0.9 < ∼ ω < ∼ −0.3 km −1 (7 < ∼ E < ∼ 19 MeV), which is representative of the early deleptonization phase during protoneutron star evolution. At later times, the energy spectra ofν e andν y become similar but the luminosity ofν y remains higher than that ofν e . This results in g(ω) > 0 for all ω < 0 as shown for t pb = 3.007 and 5.0 s in Figs. 8b and 8c, respectively. There is only one positive spectral crossing at ω > 0, i.e., in the neutrino sector, at these later times. Consequently, only the spectra of neutrinos are affected by collective oscillations (see Figs. 8b and 8c ).
To conclude this subsection, we examine the effects of neutrino angular distributions on flavor evolution in supernovae using multi-angle simulations. As shown in Fig. 4 , the neutrino distributions f (t em , E, u d , R d ) at the decoupling sphere are strongly forward-peaked instead of being isotropic as often assumed in earlier studies of collective oscillations. Compared to a physical forwardpeaked neutrino angular distribution, the crude assumption of isotropic neutrino emission leads to artificially larger H ν for any specific neutrino trajectory because of the larger contributions from the more tangentiallyemitted neutrinos. In Fig. 9 , we show the angle-averaged survival probability P νeνe v as a function of ω at t pb = 1.025 s (blue dashed curve) obtained from multi-angle calculations with the same total neutrino fluxes and energy spectra as given by our supernova model but assuming isotropic neutrino emission. Compared with the result based on the neutrino angular distributions in our supernova model (red solid curve), the unphysical isotropic angular distribution gives much smaller survival probabilities for antineutrinos (ω < 0). It also causes the onset of flavor oscillations to occur at smaller radii. We emphasize that it requires not only multi-angle simulations, but also the use of proper neutrino angular distributions to accurately treat collective neutrino oscillations in supernovae. and µon = µ(ron) (thick curves) as functions of time. The instability occurring at smaller radii (solid curves) only exists for t pb ∼ 1 s while that occurring at larger radii (dashed curves) exists for t pb > ∼ 1 s.
B. Flavor Instabilities and Effects of ne
As mentioned above, there are two different flavor instabilities occurring at r ≈ 120 and 240 km, respectively, for collective neutrino oscillations shown in Fig. 7a , which are representative of the epoch of 0.8 < t pb < ∼ 1.5 s. In contrast, there is only one flavor instability occurring at 200 < ∼ r < ∼ 250 km for 1.5 < t pb < ∼ 5 s (see Figs. 7b and 7c). Using the detailed results from our multi-angle simulations, we show the radius r on for the onset of either instability as a function of time in Fig. 10a . The corresponding λ on = λ(r on ) and µ on = µ(r on ) are shown in Fig. 10b . The instability occurring at smaller radii is tied to the substantial excess ofν e overν y for some energy range [e.g., g(ω) < 0 for −0.9 < ∼ ω < ∼ −0.3 km −1 in Fig.  8a ] characteristic of the early deleptonization epoch at t pb ∼ 1.0 s. The corresponding values of λ on ∼ µ on ∼ 10 km −1 are much larger than the typical spread in ω of ∆ω ∼ 0.6 km −1 . In contrast, the instability occurring at larger radii exists for t pb > ∼ 1.0 s because there is always an excess of ν e over ν y for some energy range (see Figs. 8a and 8b ). This instability generally corresponds to µ on ∼ ∆ω.
As mentioned at the beginning of Sec. IV, there are no significant collective oscillations at t pb > 5 s. This is puzzling because there is still a flavor instability occurring at r ∼ 200 km for such times (see Fig. 10 ). We show below that this instability is suppressed by the effects of n e , and therefore, fails to cause significant collective oscillations at t pb > 5 s. We perform multi-angle simu- lations with modified profiles of electron number density n ′ e (r) = 0.5n e (r) and n ′′ e (r) = 0.2n e (r) at r > R d , respectively, for t pb = 5 s. We compare the corresponding P νeνy v,E as functions of radius with the results calculated for the unmodified n e (r) in Fig. 11b . It can be seen that as n e (r) is reduced to n ′ e (r) and then to n ′′ e (r), the onset of flavor instability is pushed to smaller and smaller radii and its growth causes more and more flavor conversion. Therefore, collective oscillations are suppressed by larger n e . This generally holds for most of the cooling phase when there is only one flavor instability at r ∼ 200 km. We also note that larger n e decreases the local effective mixing angle, which tends to reduce flavor conversion similar to the case of a small vacuum mixing angle.
For completeness, we compare P νeνy v,E calculated for n e (r), n ′ e (r), and n ′′ e (r) as functions of radius for t pb = 1.025 s in Fig. 11a . It can be seen that in the case of n e (r), the flavor instability at smaller radii stops growing when flavor conversion is still small and a second instability clearly occurs at larger radii. As n e (r) is reduced to n ′ e (r) and n ′′ e (r), the "first" instability at r ≈ 150 km grows to cause large flavor conversion and a "second" instability can no longer be identified clearly. We also compare P νe νe v and Pν eνe v at r = 500 km calculated for n e (r), n ′ e (r), and n ′′ e (r) as functions of ω for t pb = 1.025 and 5.0 s in Figs. 12a and 12b , respectively. It can be seen that as n e (r) is reduced to n ′ e (r) and then to n ′′ e (r), features of spectral swaps are increasingly sharpened and approach closer and closer to the corresponding results for the single-angle approximation shown in Figs. 8a and 8c.
C. Results for Measured θ13
Recent measurement ofν e disappearance by the Daya Bay experiment gave sin 2 2θ 13 = 0.092 ± 0.016 ± 0.005 [43] , which corresponds to a central value of θ 13 = 0.15 that is somewhat larger than the value of θ 13 = 0.1 adopted in the above calculations of neutrino oscillations. We have performed additional simulations for θ 13 = 0.15 and confirm that our results on neutrino oscillations do not change significantly. As an example, we compare P νeνy v,E for θ 13 = 0.15 (red solid curve) and 0.1 (black dashed curve) as functions of radius for t pb = 3.007 s in Fig. 13a . It can be seen that the flavor instability occurs at the same place and subsequent flavor evolution is identical for both cases. The only change occurs before the onset of the flavor instability, during which time P νeνy v,E is slightly larger for θ 13 = 0.15 but is very small anyway. We also show ∆ P νeνe v ≡ P νeνe (θ 13 = 0.15) v − P νeνe (θ 13 = 0.1) v at r = 500 km as functions of neutrino energy for t pb = 1.025, 1.401, 3.007, and 5.0 s, respectively, in Fig. 13b . It can be seen that |∆ P νeνe v | is < ∼ 4% over the entire energy range in all cases. We conclude that our results on neutrino oscillations are insensitive to the exact value of θ 13 and will use those calculated for θ 13 = 0.1 to examine the effects on supernova nucleosynthesis and neutrino signals.
V. EFFECTS OF NEUTRINO OSCILLATIONS ON NUCLEOSYNTHESIS
Neutrinos play important roles in supernova nucleosynthesis in several major ways and in different locations. For the neutrino-driven wind (see Sec. II) where initially matter is dominantly composed of free nucleons, neutrino reactions (1a) and (1b) set the electron fraction Y e , which is a crucial parameter governing the nucleosynthesis in the ejecta. For ejecta with Y e > 0.5 such as in our supernova model (see Fig. 3 ), a νp process occurs to produce heavy nuclei during expansion of the mass elements [39, 41] . This process requires significantν e absorption on protons when matter evolves through the temperature range of T = 1-3 GK. In the outer envelope of the star, the interaction of neutrinos with pre-existing nuclei can drive several nucleosynthesis processes including the ν process [6, 59] and other neutrino-induced nucleosynthesis [5] [6] [7] [8] . In the ν process, neutrinos can directly transform by charged-current reactions abundant nuclear species into less abundant neighboring nuclei. For example, 138 La and 180 Ta are known to be produced by this mechanism from the abundant 138 Ba and 180 Hf [59, 60] . In addition, neutral-current processes excite abundant nuclei to states above particle emission. The decay of these nuclei and subsequent capture of the produced protons, neutrons and/or α particles contribute to the production of several nuclei including 7 Li, 11 B, and 19 F. The production of 19 F is mainly due to neutral-current processes [59] that are not affected by neutrino oscillations. The situation is different for the other species as discussed below.
In the helium shell, neutrinos interact with 4 He through the charged-current reactions
The 3 He and 3 H produced by the above reactions and by neutral-current spallation reactions on 4 He are important to the production of light nuclei such as 7 Li and 11 B in the ν process through the subsequent reactions 3 He(α, γ) 7 Be(e + ν e ) 7 Li and 3 H(α, γ) 7 Li(α, γ) 11 B. In addition, the neutrons produced by reaction (14b) may lead to a possible neutrino-induced r process [5, 7] . In the O/Ne shell, the production of 138 La and 180 Ta is predominantly determined by the charged-current reactions:
For the above cases, neutrino oscillations can affect nucleosynthesis by changing the energy spectra of ν e andν e , and hence, the rates of charged-current ν e andν e reactions. Many previous studies have discussed the effects of neutrino oscillations on nucleosynthesis in the neutrinodriven wind (e.g., [61, 62] ) and on the production ratio of 7 Li to 11 B [63] , using time-independent parametrized neutrino spectra and/or ejecta trajectories. Below we apply our results of collective neutrino oscillations, consistently calculated with realistic neutrino emission spectra in a dynamically changing supernova environment as discussed in Sec. IV, to examine the effects of oscillations on the νp process in the neutrino-driven wind, on neutrino-induced nucleosynthesis in helium shells, and on the production of 138 La and 180 Ta by the ν process.
A. Effects on Rates of νe andνe Absorption by Free Nucleons and the νp Process
A νp process occurs to produce heavy nuclei during expansion of the mass elements shown in Fig. 3 for our supernova model [41] . This process requires that matter has Y e > 0.5 and that significantν e absorption by protons occurs when matter evolves through the temperature range of 3 > ∼ T > ∼ 1 GK. Consequently, an important input is the rates of ν e andν e absorption by free nucleons [reactions (1a) and (1b)]. In the absence of neutrino oscillations, these rates in a mass element reaching radius r m at time t can be calculated as
where σ νN stands for the absorption cross section σ νen or σν e p given by
In the above equations, σ 0 = 0.934 × 10 −43 cm 2 and ∆ = m n − m p = 1.293 MeV is the neutron-proton mass difference. These cross sections take into account weak magnetism and nucleon recoil but neglect the electron rest mass m e in comparison with E [64] .
The νp process occurs at r m < 10 4 km (see Fig. 3a ). The time for neutrinos to travel from r = R d to a mass element at these radii is much shorter than the evolution timescale for the angular and energy distributions of neutrinos at emission. Therefore, we have used Eq. (16b) . The neutrino travel time is also much shorter than the evolution timescale for the profile of n e (r). Consequently, the results on neutrino flavor evolution we have calculated for each time snapshot of our supernova model can be directly applied to obtain the rates of ν e andν e absorption by free nucleons in the presence of neutrino oscillations. These rates can be calculated as, e.g.,
In Fig. 14, we show λ 0 νN (r m , t) and λ osc νN (r m , t)/λ 0 νN (r m , t) as functions of t − t 0 for the mass elements that are ejected from the proto-neutron star at t 0 = 0.840, 1.253, 1.726, and 2.526 s, respectively (both t and t 0 are in terms of t pb ). It can be seen that the overall effect of neutrino oscillations is to enhance both ν e andν e absorption rates. As shown in Fig. 6 , flavor conversion mostly takes place between ν e (ν e ) and ν y (ν y ) with relatively high energies of E > 10 MeV. Because the average ν y (ν y ) energy is higher, there are more high-energy ν y (ν y ) than ν e (ν e ) and the net effect of flavor conversion is to increase the ν e (ν e ) absorption rate. In addition, because flavor conversion mostly occurs in the neutrino sector (see Fig. 6 ), the increase in the ν e absorption rate is larger than that in theν e absorption rate. In the region relevant for the νp process, the effect of flavor conversion on the ν e (ν e ) absorption rate also diminishes with time and essentially stops at t pb > 5 s (1.5 s) as can be seen from Fig. 6 . Consequently, the increase in the ν e (ν e ) absorption rate due to neutrino oscillations is negligible for the mass elements ejected at t 0 > 2.526 (1.253) s.
We indicate the times at which the temperature of a mass element reaches T = 10, 7, 3, 2, and 1 GK, respectively, in Fig. 14 . To affect the setting of Y e for a mass element, neutrino oscillations must occur when its temperature is T > ∼ 7 GK, for which free nucleons dominate its composition. However, neutrino oscillations start to affect the ν e andν e absorption rates at T < ∼ 7 GK for all the mass elements shown in Fig. 14 , and therefore, have little impact on the setting of their Y e . The significant increase in the rate of ν e absorption by neutrons at T < ∼ 7 GK does not affect nucleosynthesis because the neutron abundance drops rapidly with decreasing temperature. On the other hand, when the mass elements evolve through the temperature range of 3 > ∼ T > ∼ 1 GK andν e absorption by protons is instrumental to the ongoing νp process [39] , neutrino oscillations have essentially no effect on theν e absorption rate (see Fig. 14) . Therefore, the νp process in our supernova model is not affected by neutrino flavor evolution including collective oscillations.
B. Effects on Rates of νe andνe Absorption by
4 He and Neutrino-Induced Nucleosynthesis
The neutrino-induced nucleosynthesis occurs typically in the C/O and He layers of supernovae located at r ∼ 10 5 km for massive stars (see Fig. 15 ). In those layers, the electron number density n e (r) is comparable to or less than the MSW resonant density n
for relevant neutrino energies of ∼ 5-100 MeV. Thus, the detailed neutrino flavor evolution including the MSW effect has to be considered. In our 18 M ⊙ supernova model, the shock reaches the MSW resonance region and the C/O layer at t pb ≈ 5 s as shown in Fig. 15 . We have checked that for t pb < 5 s, C/O and He layers remain static and the neutrino flavor transformation through the MSW effect is adiabatic, i.e., (∆m 2 ji sin 2 2θ ij )/(2E cos 2θ ij )/|d(ln n e )/dr| res ≫ 1. The neutrino energy spectra at n e (r) < ∼ n (13) e,MSW (E) can then be calculated as follows.
At a radius outside the region of collective oscillations but before the MSW resonances [n e (r) ≫ n 13 e,MSW (E)], the flavor conversion probability can be approximated by P ν β να (t, E, u d , r) ≈ P ν β να (t, E, u d , r f ). Here r f is the radius where collective neutrino oscillations have ceased. Practically, we take r f = 500 km. Furthermore, for r ≫ R d , we can use the approximation u ≈ 1, for which the neutrino interaction rates including the effects of collective oscillations depend on radius only through the geometrical factor R 2 d /r 2 [see e.g., Eq. (18)]. Thus, it is useful to define the angle-integrated neutrino energy spectra,
as the radius-independent spectra before neutrinos enter the MSW region of flavor evolution. As these spectra correspond to the region of n e (r) ≫ n = α R iα |ν α . For neutrinos, the only non-zero components of R iα are R 3e = R 1x = R 2y = 1 for the normal mass hierarchy (NH) and R 2e = R 1x = R 3y = 1 for the inverted mass hierarchy (IH). For antineutrinos, R 1e = R 2x = R 3y = 1 (R 3e = R 2x = R 1y = 1) are the only non-zero components for the NH (IH).
For adiabatic MSW flavor evolution, neutrinos initially in an in-medium mass eigenstate remain in the corresponding mass eigenstate at later times. As a result, at time t and radius r, the neutrino energy spectra including the effects of adiabatic MSW flavor transformation can be written as
is the probability that the in-medium mass eigenstate |ν m k (E, r) at radius r coincides with the flavor eigenstate |ν α , and P ′ ναν β (E, r) = k P αk (E, r)R kβ is the effective probability to convert a ν β at time t ′ ≈ t − r/c into a ν α at time t and radius r by adiabatic MSW flavor transformation. Note that P αk is independent of time for t pb < 5.0 s before the shock arrives in the MSW region of flavor evolution. We numerically derive the in-medium mass eigenstates |ν
with n e (r) from the supernova progenitor model [65] . We show P ′ νeνe and P ′ νeνe as functions of r and E in Fig. 16 . The rate of neutrino interaction on a target nucleus A at radius r can then be calculated as
In Fig. 17 , we show the rate λ n by using the spectrally-averaged cross sections listed in Table II of [66] . We find that σ α = 3.32 × 10 −48 cm 2 /nucleon, E 0 = 19.8 MeV, n = 4.01 for ν e + 4 He → 3 He + p + e − and σ α = 8.19 × 10 −48 cm 2 /nucleon, E 0 = 21.6 MeV, n = 3.76 forν e + 4 He → 3 H + n + e + . As collective oscillations are suppressed in our model for the NH, flavor transformation in this case occurs purely through the MSW effect, which only enhances the ν e interaction rate (see Fig. 16 ). The time evolution of λ osc νeA /λ 0 νeA basically follows the relative change of the high-energy tail of the ν e and ν y spectra. In the case of IH, there is large enhancement in the ν e interaction rate for 0.7 < ∼ t pb < ∼ 2.5 s and in theν e interaction rate for 0.7 < ∼ t pb < ∼ 5 s. For ν e , the enhancement is due to partial flavor conversion between ν e and ν y through collective oscillations (see Fig. 6 ). In contrast, the enhancement forν e is mostly due to MSW flavor conversion. In fact, partial flavor conversion through collective oscillations results in a slight reduction of the enhancement in theν e interaction rate for 0.7 < ∼ t pb < ∼ 1.5 s when compared to the case including MSW flavor conversion only.
Neutrino-induced nucleosynthesis in He shells is sensitive to the time integrated rate of (anti)neutrino absorption on 4 He, ∆n(r) ≡ λ(r, t)dt. We calculate the integral for the first 5 s post bounce and show the enhancement factor ∆n osc (r)/∆n 0 (r) as a function of radius in Fig. 18 . For the He layer located at 5.5 × 10 4 < ∼ r < ∼ 4×10
5 km in our model, ∆n(r) for ν e (ν e ) absorption on 4 He is enhanced by a factor of ∼ 32 (∼ 17) for the NH (IH) following adiabatic MSW flavor transformation through the 1-3 resonance. Before this MSW resonance, collective oscillations for the IH result in an enhancement factor of ∼ 2.2 and ∼ 1.5 for ν e andν e absorption, respectively. Both the collective and MSW flavor transformations will increase the production of 7 Li and 11 B. To quantify the increase will require a full calculation of neutrino-induced nucleosynthesis, which is beyond the scope of the present work. The impact of MSW flavor transformation on the production of 7 Li and 11 B was explored in [63] . However, this previous study assumed harder neutrino spectra than calculated by our supernova simulations, which makes it difficult to extrapolate their conclusions to our model.
C. Effects on Rates of νe Absorption by
138 Ba and 180 Hf and the production of 138 La and 180 Ta
The rare isotopes 138 La and 180 Ta can be produced predominantly by the charged-current interaction of ν e on the preexisting 138 Ba and 180 Hf, respectively. The main production region is in the O/Ne shell of our supernova progenitor and the yields sensitively depend on the neutrino "temperature" [59] . During the first 5 s post bounce, n e (r) in the O/Ne shell is much larger than n 13 e,MSW (E) for typical neutrino energies, and the neutrino interaction rates on nuclei can be calculated similarly to Eq. (21) but withf να (t ′ , E, r) replaced by We have calculated the rates of reactions (15a) and (15b) with and without neutrino oscillations, using cross sections with power-law dependence on neutrino energy fitted to the spectrally-averaged cross sections adopted in [59] . The enhancement factors λ osc ναA /λ 0 ναA for these rates for the IH are shown in Fig. 19 . Although collective oscillations enhance the rates of ν e interactions on 138 Ba and 180 Hf by up to ∼ 80% and ∼ 60%, respectively, during 0.8 < t pb < 5 s, the time-integrated rates for the first 5 s post bounce are increased by only ∼ 11.5% and ∼ 8.5%, respectively. This is because the neutrino luminosity is much higher but collective oscillations are suppressed during the first 0.8 s post bounce. Consequently, while ν e interactions during the cooling phase are substantially enhanced by collective oscillations for the IH, they still contribute sub-dominantly to the total production of 138 La and 180 Ta.
VI. EFFECTS OF FLAVOR OSCILLATIONS ON NEUTRINO SIGNALS
For predicting neutrino signals from a Galactic supernova described by our model, the event rate for a particular neutrino interaction with target particles i in a detector can be approximately calculated as
να (E, t)σ ναi (E)dE, (22) where N i is the total number of target particles i in the detector, d is the distance from the supernova to the Earth, and E th is the threshold energy for the interaction.
Here we have assumed 100% detection efficiency for simplicity. For the neutrino energy spectra f Eqs. (23) and (24) . With c νe ∼ 0.31f νe + 0.69f ν µ(τ ) for the IH when there are no collective neutrino oscillations. As the ν µ(τ ) flux is much smaller compared to ν e during the neutronization burst, the number of events with oscillations is strongly limited. For the Super-K detector, the dominant detection channel isν e absorption on protons and theν e flux at the detector is f (f ) νe ∼ 0.69fν e + 0.31fν µ(τ ) for the NH and f (f ) νe ∼ fν µ(τ ) for the IH. Thus, there will be more events for the IH becauseν µ(τ ) have a higher average energy thanν e . Note that if the distance to the supernova is much closer than 10 kpc, there will be many more events during the neutronization burst so that the rising time of theν e signal may be used to distinguish the neutrino mass hierarchy [69] .
During the accretion phase, the time profiles of the events in the two detectors behave quite differently for either mass hierarchy. For the NH, theν e luminosity plateau at emission (see Fig. 2 ) can still be observed in the Super-K detector, but in the LArTPC detector, the event rate basically follows the decreasing ν µ(τ ) luminosity at emission. For the IH, both detectors will see a decreasing number of events per bin with time, but the rate of decrease will be larger for the Super-K detector. If the time profiles of (anti-)neutrino luminosities at emission in our model are generic for supernovae, it will be possible to utilize the time profiles of the events in the two detectors, e.g., by forming a ratio of the respective number of events per time bin, to infer the neutrino mass hierarchy.
During the cooling phase, the time profiles of the events are rather similar for both mass hierarchies and whether collective oscillations are included or not. As the 1-2 mixing is entirely suppressed in the region of collective oscillations, it is straightforward to show from Eqs. (23) and (24) that the neutrino signals will always be between the cases of pure adiabatic MSW flavor transformation for the NH and IH. The similarity of the event time profiles in different scenarios of neutrino oscillations is further enhanced by the convergence of all neutrino spectra during the cooling phase.
From the above discussion, it is clear that the neutrino signals during the accretion phase give a better chance to resolve the neutrino mass hierarchy. During this phase, there are substantial differences in the (anti-)neutrino spectra between the electron and µ(τ ) flavors and the total number of expected events is also relatively large compared to the neutronization burst. It is thus interesting to examine the energy spectra of the neutrino events during the accretion phase for both mass hierarchies. In Fig. 21 , we show the time-integrated neutrino spectra during the first 0.5 s for the LArTPC and Super-K detectors, assuming that the neutrino energy can be inferred from detection. It can be seen that for the NH, the spectrum in the Super-K detector has a much lower average energy and smaller spread compared with the spectrum in the same detector for the IH or the spectrum in the LArTPC detector for either mass hierarchy. Thus, assuming that collective neutrino oscillations are indeed strongly suppressed during the accretion phase of supernova explosion, we expect that the NH can be clearly identified if a large difference in the neutrino spectra is detected between the Super-K and LArTPC detectors. This identification can be made more robust by using the different time profiles for the two detectors in addition. 
VII. CONCLUSIONS
We have shown that in order to understand the effects of neutrino flavor oscillations on supernova nucleosynthesis and on the neutrino signals, a detailed calculation including both collective oscillations and the subsequent MSW flavor transformation has to be carried out to derive the flavor conversion probabilities as functions of the emission time, energy, propagation angle, and arrival radius for a neutrino. We have explicitly described a detailed scheme of calculation and implemented it by employing the time-dependent neutrino spectra and electron density profiles from a spherically-symmetric supernova model with an 18 M ⊙ progenitor. We find that collective neutrino oscillations are not only sensitive to the detailed neutrino energy and angular distributions at emission, but also to the time evolution of these distributions and the electron density profile due to the non-linear nature of the flavor evolution equation as discussed in Sec. IV.
We have shown that in our supernova model, collective neutrino oscillations happen only for the IH, mostly in the neutrino sector during the first 5 s of the protoneutron star cooling phase, due to the dominant emission ofν µ(τ ) overν e . The radius/temperature at which these oscillations occur is in general too far/low to have a direct impact on Y e before free nucleons are assembled into α particles. In addition, there is no effect on the rate ofν e capture on protons for the temperature range of 1 < ∼ T < ∼ 3 GK, which is relevant for the νp process in the neutrino-driven wind. Thus, the outcome of this process in our supernova model is not affected by collective neutrino oscillations as discussed in Sec. V A. However, collective oscillations may still enhance somewhat the production of the rare isotopes 138 La and 180 Ta as shown in Sec. V C. We have also calculated the MSW flavor transformation that happens in the C/O and He shells of the supernova for the first 5 s of post-bounce time, in order to evaluate the impact of neutrino oscillations on the neutrino-induced nucleosynthesis in the He shell and on the neutrino signals. We find that the charged-current interaction rates of ν e (ν e ) on 4 He are greatly enhanced by the MSW flavor transformation for the NH (IH). This may impact the production of 7 Li and 11 B as studied in [63] .
For the neutrino signals from our supernova model, we have calculated the number of events per time bin for different neutrino emission phases for the SuperKamiokande detector and a hypothetical 34 kton liquid argon detector. The results suggest that for a Galactic supernova of this kind, the events from the neutronization burst may not be enough to identify the burst. However, it may be possible to use the time profiles of events during the accretion phase and the associated neutrino spectra in these two detectors to infer the yet-unknown neutrino mass hierarchy. For the cooling phase, we have shown that the effects of collective oscillations are in general small, limited by the difference between the cases of pure MSW flavor transformation for the NH and IH.
Although our results seem to suggest that collective neutrino oscillations do not have a large impact on either the nucleosynthesis or the neutrino signals, cautions must be mentioned as there are a number of issues in modeling such oscillations in supernovae. First, in our treatment here, we have assumed azimuthal symmetry around the radial direction for collective oscillations. The effect of relaxing this symmetry [28] needs to be further examined and may require a full six-dimensional calculation for neutrinos emitted in different parts of the protoneutron star surface. Second, it has been suggested recently that the coherence between different neutrino mass eigenstates may not be maintained by the time collective oscillations occur, due to the very small wave-packet size of neutrinos at production [35] . Detailed examination of this effect in connection with the processes of neutrino production is thus required. Third, although studies of flavor instabilities suggest that the contribution to the effective Hamiltonian from those neutrinos scattered by nuclei outside a proto-neutron star, the so-called neutrino "halo", may further suppress collective oscillations during the accretion phase [24, 26] , this remains to be confirmed by a self-consistent calculation. Fourth, our view of collective oscillations in particular and neutrino flavor transformation in general might be changed by the apparently sub-dominant beyond-the-mean-field contribution [27] , the neutrino spin coherence [36] , and the neutrino magnetic moment [70] . Last but not the least, as we have demonstrated in this paper, the outcome of neutrino flavor oscillations is sensitive to the input from the supernova model. For example, any change in neutrino spectra from supernova models with improved treatment of neutrino interaction with matter in the decoupling region [71, 72] will require reexamination of the problem of supernova neutrino oscillations.
In summary, this work represents a small step towards the understanding of supernova neutrino oscillations and their impact. In view of the importance of supernova nucleosynthesis to the production history of various nuclei in our universe, along with the high reward of utilizing neutrino signals from a future Galactic supernova to learn about supernova physics and neutrino properties, further studies that take into account all the issues mentioned above, not for one, but for a large number of models with different progenitors, must be carried out in order to fully understand the effects of neutrino oscillations in supernovae and the associated rich physics. 
